Abstract. Soil respiration is an important component of the annual carbon balance of forests, but few studies have addressed interannual variation in soil respiration. The objectives of this study were to investigate the seasonal and interannual variation in soil respiration, temperature, precipitation, and soil water content in two New England forest soils and to develop and evaluate empirical models for predicting variations in soil respiration using temperature and soil moisture content. We have been measuring soil respiration, using dynamic chambers in well-drained upland sites and poorly drained wetland sites since 1995 at the Harvard Forest, Massachusetts, and since 1996 at the Howland Forest, Maine. The upland sites had consistently greater rates of respiration than wetlands. Prolonged drought periods in 1995, 1998, and 1999 at the Harvard Forest resulted in decreased soil respiration rates in the uplands, particularly once soil moisture contents decreased below about -150 kPa. In contrast, wetland respiration increased upon drying. The interannual variation in soil respiration at the Harvard Forest, 0.23 kg C m -2 yr -•, exceeds the interannual variation in net ecosystem exchange (NEE), 0.14 kg C m -2 yr -• previously measured for this forest, indicating that interannual variation in soil respiration can have an important influence on NEE. Interannual variation was lower at the Howland Forest, and the effects of low soil moisture content on respiration rates were more subtle. The onset of spring was variable among years at both forests, owing to variation in both temperature and precipitation, and contributed to 33-59% of the annual variability in total carbon release. At the upland sites, parameterization of empirical regression models for respiration as a function of soil temperature was inconsistent among years, indicating an important effect of interannual variation in soil water content. The negative residuals of the Harvard Forest temperature regression model were best explained by drought conditions (soil matric potentials <_-150 kPa). This function was only applicable during severe drought and did not account for less severe dry periods that also reduced soil moisture and soil respiration. An empirical regression model for the wetlands as a function of temperature was significantly improved with the addition of a soil moisture function, which increased respiration rates under dry conditions and decreased it under wet conditions. Climatic changes resulting in drier conditions will likely decrease soil respiration rates in uplands and increase soil respiration in wetlands.
Introduction
Interannual variation in temperature and precipitation affects ecosystem processes such as gross primary productivity, aboveground plant respiration, and soil respiration, thus also affecting net ecosystem exchange ( [Kirschbaum, 1995; Lloyd and Taylor, 1994; Winklet et al., 1996] . Root respiration and soil microbial respiration may also respond differently to variation in soil temperature ].
Some of the variability in apparent responses to temperature may be the result of confounding variation in soil water content [Bowden et al., 1998; Davidson et al., 1998; Dorr and Munnich, 1987] . In temperate regions, summers are often warm and dry, while winters are both cool and wet. Under very wet conditions, respiration decreases due to 02 limitations; under dry conditions, respiration decreases due to moisture stress; field capacity is usually the optimal soil moisture condition for respiration [Linn and Doran, 1984 [1983] found that bacterial populations were more susceptible to drought stress than fungi.
The objectives of this study were (1) to investigate seasonal and interannual variation in soil respiration, precipitation, soil temper-International Paper's Howland Integrated Forest Study Area and has never been cultivated. Soils are formed in coarse-loamy granitic basal till and are classified as Aquic Haplorthods. Five sites were selected representing a range of soil drainage characteristics from well-drained to very poorly drained. The soil series for the two moderately well drained sites is Skerry fine sandy loam, and the two very poorly drained sites are peat swamp. All sites are located within the footprint of a tower measuring NEE by eddy covariance [Hollinger et al., 2000] . This boreal transition forest is dominated by mixed spruce, hemlock, aspen, and birch stands ranging in age from 45 to 130 years. MAT is +5.5øC, and MAP is 1000 mm. See Fernandez et al. [1993] for further site description and soil characteristics.
e Methodology Soil Respiration Measurements
Soil respiration was measured with dynamic chambers and a portable infrared gas analyzer (IRGA) as described by . Flux measurements were made weekly during the spring and summer months and once or twice per month during the fall and winter. Collars, made from 25-cm diameter polyvinylchloride (PVC) tubing cut to 10 cm lengths, were placed into the ground to a depth of 2-4 cm. Them were six collars per site at the Harvard Forest and eight collars per site at the Howland Forest. For each flux measurement a vented chamber top was placed over the collar, and a Licor 6252 IRGA was used to measure CO2 concentration within the chamber headspace. The IRGA was calibrated each sampling day with CO2-free air and a 523 •L L -1 (+2%) CO2 certified standard. Air was circulated between the chamber and the IRGA, with a small pump, at a rate of 0.5 L min -• over a 5-min period. Pressure differences between the chamber headspace over the soil and the ambient air outside the chamber were below detection limits (0.1 Pa measured by an Infiltec micromanomter). Varying the flow rate from 0.1 to 0.9 L min -• had no effect on the measured fluxes. A linear regression was applied to the straightest increasing portion of CO2 concentration •1 min. after the chamber top had been placed on the collar to determine a flux rate. Fluxes were corrected for atmospheric pressure and air temperature. Winter fluxes were measured only when the collars were exposed or when the snow cover was continuous enough that the chamber top could be inserted 1-2 cm directly into the snow. At each date, the individual chamber flux measurements were averaged per site. Mean site flux rates were interpolated linearly between sampling dates.
Several steps were taken to maintain consistency throughout the study years. Two research assistants have been responsible for overseeing the fieldwork, and their tenures overlapped. Summer interns collected much of the data, but their results were carefully and frequently checked by the research assistants. Chamber collar heights were measured each spring to correct for possible changes in collar volume from one year to the next. At the Harvard Forest, new collars were installed less than 1 m from the original collar locations in the spring of 1998 because of compaction near the original positions. Mean fluxes from the old and new collars were then compared for 2 weeks before measurements of the old ones were terminated. Similarly, the concentrations of new cylinders of calibration gas were compared to old ones before the old ones ran out.
Soil Temperature
Temperature was measured at 10 cm depth at the same time respiration was being measured. Studies of soil respiration often give an empirical relationship with temperature in the form of a Qlo value [Davidson et 
where R represents the soil respiration (rag C m -2 hr-1), Eo is a fitted parameter (øK) which is similar to an activation energy, To is a fitted temperature value (øK), and T is the measured soil temperature (øK) at 10 cm soil depth. The .4 parameter is a sitespecific factor which accounts for intersite variation not attributed to seasonal variation in temperature. 
where ß is the mattic potential (kPa), 0 is the soil moisture content (cm 3 H20 cm -3 soil), and a and b are site-specific parameters.
Examples of two water retention curves for a well-drained soil at the Harvard and Howland Forests are presented in Figure 2a and 2b. Because of swelling and shrinking of cores of organic material, water retention curves could not be generated for the swamp soils.
Regression Model Parameterization and Evaluation
The model parameters Eo and To from (1) were derived using a nonlinear regression model in Systat 7.0, with soil respiration and temperature data collected from the Harvard and Howland Forest sites. The estimation method was Gauss-Newton, and the loss function was least squares. Soil moisture models were derived using a linear regression model in Systat 7.0. The R 2 values for the temperature regression models represent the proportion of variance accounted for by the model and were determined by subtracting from 1 the ratio of model variance to total variance. Significant differences between the temperature 
Effects of Drought: Uplands
The seasonal pattern of soil respiration for all upland sites followed the seasonal temperature cycle, with peak respiration occurring during the warm summer months (Figures 4a, 4b , 5a, and 5b). Extended periods of low precipitation resulted in decreased soil water content and soil respiration rates at the Harvard upland sites (Figures 4a, 4c, and 4d). This was particularly evident between August 15 through September 18, 1995, when an extended period of drought caused soil moisture contents to decrease below 0.12 cm 3 H20 cm -3 soil and caused a concurrent decrease in soil respiration rates [see also Davidson et al., 1998 ]. During the generally wet summer of 1996, there was a brief dry period in August corresponding to a lowering of soil moisture values but not to levels that caused a decrease in respiration rates. Below-average precipitation fell during the summer of 1997 at both Harvard and Howland Forests, and respiration rates were low compared to other years, but there was no severe drought episode in which soil moisture contents decreased below Table 1 Matric potential is a measure of the energy of the water that is in contact with soil particles relative to free water. Matric potential is a good index of drought stress to microorganisms and roots and is comparable across soils of different texture. In the Harvard Forest soils the matric potential values decrease sharply (i.e., become larger negative numbers) once soil moisture content values decrease below •0.12 cm 3 H20 cm -3 soil (Figure 2a ). This water content, which is between -100 and -250 kPa matric potential (Figure 2a ), appears to be the threshold for obvious effects of moisture stress on soil respiration in the mineral soil. The exponential fit to the water retention curve is poorest in this range of water content, so it is difficult to estimate this threshold matric potential with confidence. In a laboratory study, using upland taiga soils collected in Alaska, Gulledge and Schimel [1998] found CO2 production dramatically declined once soil matric potentials fell below approximately -150 kPa.
The effects of low water content appear to be more subtle at the Howland Forest compared to the Harvard Forest. In 1997, at the Howland Forest, peak respiration rates did not occur until August, probably because of a significant drought in July of 1997 that prevented soil respiration from peaking when temperature did. In 1998, respiration rates peaked on July 6, when soil temperature also peaked, then began to decline concurrently with declining soil moisture content (Figure 5a and 5c) . The spring and summer of 1999 were also relatively dry, but soil respiration rates did not decline with decreasing soil moisture ]. An 02 limited environment when wet, the wetlands at both Harvard and Howland Forests partially dry throughout the summer, and respiration rates continued to increase until September. Temperatures peaked at the same time in both uplands and wetlands, but the continued drying of excess water in the wetlands is more important than declining temperature late in the summer, resulting in late summer peaks in wetland respiration (Figures 4a-4c and 5a-5c ).
Importance of Springtime Soil Respiration
In addition to summer drought, the onset of spring was also variable among years. During the spring of 1996 and 1998, at the Harvard Forest, respiration rates began to increase sharply in late May, whereas rates did not begin to increase until midJune in 1997 (Figure 6a Spring played an important role in the total annual variation in carbon respired in both forests. At the Harvard and Howland Forests, the early increase in respiration rates during the springs of 1996 and 1998 (Figures 6a and 7a) accounted for 33 to 69% of the interannual variability in total carbon release from the upland sites (Table 2) . Warm wet springs caused respiration to increase earlier in the season and subsequently peak earlier in the year, whereas dry springs delayed peak respiration, and these differences Goutden et at. [1996] estimated that ecosystem respiration decreased by 30% during the 1995 summer drought at the Harvard Forest but that photosynthesis decreased by only 10%, perhaps because of mycorrhizal uptake of water in surface horizons and/or because roots had access to water deep in the soil profile. Because respiration declined more than photosynthesis during the 1995 drought, the NEE for the year was -0.27 kg C m -2 yr -1, the second largest annual sink estimate reported.
However, this C sink during dry years may be transitory. We measured above average respiration during the following wet summer of 1996 (Figure 4a ). If drought stress limits decomposition during dry years, we speculate that undecomposed labile litter and soil C may be released as above average CO2 flux in the subsequent wet year. 
Empirical Regression Models of Soil Respiration
Both temperature and soil moisture affected soil respiration rates. Soil temperatures at 10 cm depth and soil moisture were used to derive empirical regression models of respiration rates. IN the uplands, matric potential was used as an indicator of soil moisture available to plants in unsaturated environments. In the organic soils of the swamp sites, it was not possible to obtain water retention curves for estimating matric potential, and soil volumetric water content may also be a better indicator of the effects of excess water in restricting aeration in seasonally saturated environments [Linn and Dotart, 1984] .
Regressions derived using the Harvard Forest data are denoted "Har," whereas those derived using the Howland Forest data begin with "How." Upland regressions are symbolized by U, and wetlands are symbolized by W. Regressions using temperature are denoted by T, matric potential is denoted by MP, and soil water content is denoted by WC. Table 3 presents a summary of temperature regression names, data ranges, parameter values, and correlation coefficients, and Table 4 Figure 8 ). When applied to the 1997-1999 data, however, the Har_W_T3 regression model was not significant (Table 3) . Because the Har_W_T3 regression was derived utilizing data collected during an unusually dry period in 1995, which had a large effect on the wetland respiration, this regression was biased by the higher than normal flux rates due to drying of the wetland soils (Figure 8b) . Hence a temperature function based on only 1 or 2 years of data may be inadequate because of confounding effects, such as a drought, experienced during that particular period. A temperature function based on all the wetland data (Har_W_Temp) accounted for 64% of the variation in respiration (Table 3) . As was the case for uplands, the best temperature regression models were sitespecific and had different values for Eo and To (Har_Wet_Temp and How_Wet_Temp in Table 3 
where "soil moisture" is the percent volumetric water content. As was the case for uplands, the addition of a soil moisture function to the temperature-only model significantly increased the predictive power (R 2 = 0.64 for Har_W_Temp and R 2 = 0.70 for Har_W_Temp + Har W_WC; Table 4 ). Similarly, Alm et al. [1999] found that an empirical model utilizing both temperature and depth to water table to explained 59-71% of the variation in respiration rates in a Finnish bog. Unlike the regression model for uplands, however, our wetland function applies across the entire range of water contents. Also, unlike the upland model, water content is negatively correlated with respiration in the wetlands, indicating that water is often in excess and that drying of wetlands enhances respiration. This finding is consistent with observations of C loss from wetlands following drainage [Carroll and Crill, 1997; Waddington and Roulet, 1996] . Significant loss of carbon could result from climatic changes that reduce mean annual precipitation, causing wetlands to become drier.
Importance of Interannual Variation in New England
The relatively modest increases in R 2 values when the soil water functions are added to the temperature-only regression models (Tables 3 and 4) , personal communication, 1999) . Laboratory studies have also observed a rapid increase in respiration following wet-up events, particularly after dry periods [Orchard and Cook, 1983; Bottner, 1985] . We suspect that some of the higher-than-predicted respiration rates that we measured are related to small precipitation events, which wet the topsoil layers but which are not measured by the TDR probes that integrate water content over the top 15 cm of mineral soil. Similarly, the TDR measurements of the mineral soil do not reveal dry conditions that may develop in the litter layer during less severe periods of below average precipitation, thus missing the effects of moderate drying on soil.
As already discussed in section 4.5, another plausible speculative explanation for high summertime respiration rates in 1996 and 1998 ( Figure 10 ) is that significant amounts of readily decomposable organic matter remained from the previous dry years, when the full capacity of decomposition was limited by dry conditions. Hence the effects of soil water content may be confounded with availability of fresh, readily decomposable C substrates. We need to sample two consecutive wet years to determine if high respiration rates persist during both years or if they are high only during the first wet year after a dry year. Our on-going measurements may yield this and other opportunities to investigate a wide range of interannual variability.
Summary and Conclusions
Interannual variation in soil respiration is significant relative to interannual variation in net ecosystem exchange of carbon. The major sources of interannual variation in soil respiration identified in this study were the occurrence of spring and summer droughts and the onset of the springtime increase in respiration. In the Harvard Forest of Massachusetts and, to a lesser extent, in the Howland Forest of Maine, dry periods reduced soil respiration rates in upland sites and increased respiration in wetlands. The extent to which drought affected soil respiration was dependent on its duration and severity. Springtime variation at the upland sites accounted for one-third to two-thirds of this interannual variation.
The parameterization of an empirical model for respiration at the upland sites as a function of soil temperature varied among years at the Harvard Forest, indicating that interannual variation in precipitation was also affecting soil respiration. The temperature model derived for the Harvard Forest was also a good predictor at the Howland Forest, although not as good as a model derived specifically for Howland data. Parameterization of temperature functions is likely to be site specific and to be confounded by other effects, such as interactions with water content and depth of temperature measurements. Positive residuals of the Harvard upland temperature model may be explained by small precipitation events that wet the upper organic and litter layers but that were not detected by our TDR probes for measuring water content of the mineral soil. More research is needed on the dynamics of C in the O horizon of forest soils.
Negative residuals of the Harvard upland temperature model were best explained by drought conditions (matric potential _<-150 kPa). However, the matric potential function was applicable only during severe droughts and did not account for less severe, but still important, dry periods that reduced soil respiration. An empirical temperature model for wetlands was derived that was applicable to both the Harvard and Howland locations. There was a strong negative correlation with soil moisture content in the wetlands, and hence the addition of a soil moisture function significantly increased the predictive power of the regression model. For both uplands and wetlands, temperature functions predicted seasonal variation in soil respiration fairly well, but variation in precipitation and soil water content was key to understanding interannual variation. Climatic change resulting in drier summertime conditions will probably reduce soil respiration in uplands and increase respiration in wetlands. Decreases in soil respiration in uplands during dry years probably result in only a transient C sink, but increased respiration in wetlands could cause significant losses of C from wetlands to the atmosphere.
